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Reactive oxygen species (ROS) are implicated in cardiovascular diseases. ROS, such as H,0,, act as second
messengers to activate diverse signaling pathways. Although H,O, activates several tyrosine kinases, including
the epidermal growth factor (EGF) receptor, JAK2, and PYK2, in vascular smooth muscle cells (VSMCs), the
intracellular mechanism by which ROS activate these tyrosine kinases remains unclear. Here, we identified two
distinct signaling pathways required for receptor and nonreceptor tyrosine kinase activation by H,O, involving
a metalloprotease-dependent generation of heparin-binding EGF-like growth factor (HB-EGF) and protein
kinase C (PKC)-$ activation, respectively. H,O,-induced EGF receptor tyrosine phosphorylation was inhibited
by a metalloprotease inhibitor, whereas the inhibitor had no effect on H,0,-induced JAK2 tyrosine phosphor-
ylation. HB-EGF neutralizing antibody inhibited H,0,-induced EGF receptor phosphorylation. In COS-7 cells
expressing an HB-EGF construct tagged with alkaline phosphatase, H,O, stimulates HB-EGF production
through metalloprotease activation. By contrast, dominant negative PKC-6 transfection inhibited H,O,-
induced JAK2 phosphorylation but not EGF receptor phosphorylation. Dominant negative PYK2 inhibited
H,0,-induced JAK2 activation but not EGF receptor activation, whereas dominant negative PKC-8 inhibited
PYK2 activation by H,0,. These data demonstrate the presence of distinct tyrosine kinase activation pathways
(PKC-8/PYK2/JAK2 and metalloprotease/HB-EGF/EGF receptor) utilized by H,0, in VSMCs, thus providing

unique therapeutic targets for cardiovascular diseases.

Reactive oxygen species (ROS), including superoxide anion
and hydrogen peroxide (H,O,), are known to act as second
messengers (21, 41). ROS activate a wide variety of serine-
threonine and tyrosine kinases, which are key regulatory pro-
teins of signal transduction pathways important in mediating
cellular growth, apoptosis, survival, migration, and aging (22,
35). An increasing body of evidence suggests that ROS and
tyrosine kinase play prominent roles in the development and
progression of the cardiovascular remodeling associated with
hypertension, atherosclerosis, and restenosis after balloon an-
gioplasty (2, 29).

ROS activate nonreceptor tyrosine kinases JAK2 (1, 59),
PYK2/CAKPB (25), and Src (11, 67) and receptor tyrosine ki-
nases epidermal growth factor (EGF) receptor (23, 53, 67) and
platelet-derived growth factor receptor (34) in vascular smooth
muscle cells (VSMCs) as well as other cell lines. A few studies
have shown an inhibition of ligand-stimulated receptor ty-
rosine kinase induced by ROS (33), suggesting a dominant role
for ROS as a tyrosine kinase activator. Among tyrosine kinases
activated by ROS, the EGF receptor and JAK2 are of partic-
ular interest in VSMCs. A G-protein-coupled receptor
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(GPCR) agonist, angiotensin II (AngllI), has been shown to
utilize ROS to activate the EGF receptor in VSMCs (23, 66).
The activation of the EGF receptor by Angll or thrombin
appears to be required for extracellular signal-regulated kinase
(ERK) activation and the subsequent growth of VSMCs (15,
17, 19, 38). By contrast, ROS-dependent JAK2 activation is
required for Angll-induced cytokine induction (56) and
thrombin-induced heat shock protein induction (47) in
VSMCs. Thus, ROS-dependent activation of the EGF receptor
and JAK2 could mediate two distinct functions in VSMCs,
such as growth and inflammatory responses, respectively. How-
ever, whether ROS activate the EGF receptor and JAK2
through distinct mechanisms remains unknown.

Recently, it has become apparent that the EGF receptor is
also a part of the signaling networks activated by stimuli that
do not directly interact with this receptor. These stimuli in-
clude agonists that specifically bind to other membrane recep-
tors and environmental stressors (6). Collectively, EGF recep-
tor transactivation by these factors is employed in a wide array
of biological signaling responses (32, 45), which may partici-
pate in several disease processes (4, 42, 50). In this regard,
EGEF receptor transactivation is a current topic of signal trans-
duction research.

ROS have been proposed to exert their effects through tar-
geting the cysteine regions of the active sites of tyrosine phos-
phatases, which in turn activates tyrosine kinases (21). In fact,
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H,O, has been shown to inhibit the dephosphorylation of the
EGF receptor through the inhibition of a tyrosine phosphatase
(39). Protein kinase C-3 (PKC-9) is also implicated in ROS-
dependent activation of tyrosine kinases, such as c-Abl and Src.
H,O, stimulates binding between PKC-8 and c-Abl where the
activation of c-Abl is dependent on PKC-3 activation (61).
Interestingly, H,O,-induced activation of PKC-3 is reported to
be independent from tyrosine phosphatase inhibition (68). Al-
ternatively, ROS may activate a tyrosine kinase by generating
growth factors, such as heparin-binding EGF-like growth fac-
tor (HB-EGF), through metalloprotease cleavage. ROS pro-
duction and metalloprotease-dependent HB-EGF genera-
tion are implicated in EGF receptor transactivation initiated
through several GPCRs (9, 52). Our group has shown that both
mechanisms are indispensable for EGF receptor transactiva-
tion induced by Angll in VSMCs (14, 23). In addition, a met-
alloprotease, ADAM17 (TACE), was reported to require
PKC-3 activation to generate HB-EGF (37).

In this study, we examined the hypothesis that the activation
of receptor and nonreceptor protein tyrosine kinases by ROS
utilizes distinct signal transduction mechanisms involving a
metalloprotease or PKC-8. We found that a metalloprotease-
dependent shedding of HB-EGF is required for H,O,-induced
EGF receptor transactivation but not for JAK2 activation. By
contrast, PKC-8 is required for H,O,-induced JAK2 activation
but not for EGF receptor transactivation. The activation of
JAK?2 but not of the EGF receptor also requires PYK2 acti-
vation. Taken together, our findings provide a unique example
of two distinct signaling pathways that mediate ROS-depen-
dent tyrosine kinase activation in vascular cells.

MATERIALS AND METHODS

Reagents. BB2116 was kindly provided by Helen Mills (British Biotech).
CGS27023, GM6001, AG1478, and rottlerin were purchased from Calbiochem.
H,0,, Angll, N-acetylcysteine, and poly[Glu®’-Tyr?®] were purchased from
Sigma. Antibodies were purchased from the following sources: phospho-JAK2,
phospho-EGF receptor, and phospho-PYK2, BioSource International; JAK2,
Upstate Biotechnology; EGF receptor, PKC-8, PKC-a, and PKC-B1, Santa Cruz
Biotechnology; PYK2, Transduction Laboratories; and neutralizing human HB-
EGF, R & D Systems.

Cell culture. VSMCs were prepared from thoracic aortas of Sprague-Dawley
rats (18). Subcultured cells from passages 3 to 12 were used and showed 99%
positive immunostaining with smooth muscle o-actin antibody (Sigma). Human
aortic VSMCs were obtained from Clonetics and subcultured according to the
manufacturer’s manual. For experiments, VSMCs at 80 to 90% confluency were
used after serum depletion for 3 days.

Adenovirus transfection. The generation of kinase-inactive PKC-3, PKC-a,
PKC-B1, and PYK2/CAKB mutant-encoded adenovirus constructs is described
in detail elsewhere (36, 48). VSMCs were infected with adenovirus for 2 days as
previously described (17).

Immunoprecipitation and immunoblotting. After stimulation, cells were lysed
with ice-cold immunoprecipitation buffer (150 mM NaCl, 20 mM Tris [pH 7.5],
1% Triton X-100, 5 mM EDTA, 50 mM NaF, 10% [vol/vol] glycerol, 10 mg of
leupeptin, 10 pg of aprotinin, and 10 ng of phenylmethylsulfonyl fluoride). The
lysates were centrifuged, and the supernatant was immunoprecipitated with
antibody and protein A/G agarose at 4°C for 16 h (19). Cell or immunoprecipi-
tation lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, transferred to a nitrocellulose membrane, and immunoblotted as
described previously (19).

HB-EGF shedding assay. To examine the release of soluble HB-EGF, COS-7
cells were transfected with the alkaline phosphatase (AP)-tagged HB-EGF (HB-
EGF-AP) plasmid (63) by a transferrin receptor-operated transfer (8, 58) with
TransFast transfection reagent (Promega). Forty-eight hours after transfection,
the medium was changed to Dulbecco modified Eagle medium without phenol
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red and cells were stimulated with H,O,. HB-EGF-AP secreted into the medium
was assessed by measuring AP activity (63).

PKC-3 kinase assay. Kinase activity of PKC-8 was measured by an immune
complex kinase assay as described previously (26, 61). After stimulation, cells
were lysed with a buffer containing 50 mM HEPES (pH 7.5), 0.5% NP-40, 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 1 mM
dithiothreitol, 1 mM NaF, 2 mM phenylmethylsulfonyl fluoride, and 10 pg each
of pepstatin and leupeptin/ml. Cell lysates were centrifuged, and the supernatant
was immunoprecipitated with anti-PKC-8 antibody for 2.5 h. The kinase assay
was performed with a kinase assay buffer (20 mM Tris-HCI [pH 7.5], 10 mM
MgCl,, 2.5 pCi of [y-*P]ATP, and a substrate, 200 pg of histone H1/ml)
incubated for 15 min at 30°C.

PYK2 kinase assay. PYK2 kinase activity was measured by an immune com-
plex kinase assay as described previously (25). In brief, the cell lysates were
centrifuged and the supernatant was immunoprecipitated with anti-PYK2 anti-
body for 2.5 h at 4°C. After being washed, the immune complexes were incubated
with or without H,O, for 10 min at room temperature in the kinase buffer (100
mM sodium HEPES [pH 7.6], 60 mM MgCl,, 2 mM MnCl,, 0.2 mM Na;VO,,
0.2% Triton X-100). Afterwards, the lysates were incubated at room temperature
in kinase buffer containing 0.25 mg of poly[Glu®*-Tyr*’] and 2.5 pCi of
[y->*P]ATP for 15 min. The reaction mixture was spotted onto Whatman 3MM
paper, washed, and then measured by liquid scintillation counting.

RESULTS

H,O0, stimulates EGF receptor activation and JAK2 activa-
tion. The activation of the EGF receptor by H,O, was assessed
by a phospho-specific antibody. This antibody selectively rec-
ognizes the EGF receptor only when Tyr'?® (a Grb2 binding
site) is autophosphorylated. Also, the activation of JAK2 was
assessed by a phospho-specific antibody that selectively recog-
nizes Tyr'%°”19%8 dually phosphorylated JAK2. These tyrosine
residues are believed to be autophosphorylation sites, with
Tyr'%7 phosphorylation being essential for JAK?2 kinase activ-
ity (57). The specificities of these antibodies have been estab-
lished previously (23). As shown in Fig. 1A, H,O, time-depen-
dently stimulated the phosphorylation of the EGF receptor
and JAK?2, with maximal phosphorylation occurring at 10 min.
As shown in Fig. 1B, H,0, concentration-dependently stimu-
lated the phosphorylation of the EGF receptor and JAK2, with
maximal phosphorylation occurring at H,O, concentrations of
2 to 20 pM. These data suggest that the EGF receptor and
JAK?2 represent ROS-sensitive tyrosine kinases in VSMCs.

Involvement of metalloprotease-dependent HB-EGF gener-
ation in H,0,-induced EGF receptor activation. To determine
whether EGF receptor transactivation by H,O, requires me-
talloprotease-dependent generation of an EGF receptor li-
gand, VSMCs were pretreated with a metalloprotease inhibitor
(BB2116) and stimulated with H,O,. BB2116 and a structur-
ally related compound, batimastat, have been shown to selec-
tively inhibit the processing of several EGF receptor ligand
precursors (5, 12, 13). It has previously been shown that
BB2116 has no nonspecific effect on EGF receptor signals
stimulated by EGF (14). As shown in Fig. 2, H,O,-induced
EGF receptor activation was concentration-dependently inhib-
ited by BB2116 but JAK2 activation by H,O, was unaffected by
BB2116. Other metalloprotease inhibitors, CGS27023 and
GM6001 (10 wM each, 30-min pretreatments), also inhibited
H,0O,-induced EGF receptor activation but had no effect on
JAK?2 activation (data not shown).

It has previously been shown that an HB-EGF neutralizing
antibody effectively antagonizes Angll-induced EGF receptor
transactivation in VSMCs (14). As shown in Fig. 3A, H,0,-
induced EGF receptor activation was markedly inhibited by
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FIG. 1. Activation of EGF receptor and JAK2 by H,O, in VSMCs.
Cells were stimulated with 20 pM H,O, for the indicated time periods
(A) or with various concentrations of H,O, for 10 min (B). Cell lysates
were immunoblotted by antibodies toward phospho-EGF receptor
(EGFR-p), EGF receptor (EGFR), phospho-JAK2 (JAK2-p), and
JAK2 as indicated. Numbers on the left are molecular weights.

the HB-EGF neutralizing antibody. Since the detection of en-
dogenous EGF receptor ligand generation has proven difficult
(14), we utilized the HB-EGF-AP expression system, an estab-
lished assay, to measure the ectodomain shedding of EGF
receptor ligands. H,O, time-dependently stimulated HB-
EGF-AP release into the culture medium at as early as 10 min
in COS-7 cells transfected with HB-EGF-AP plasmid, and
BB2116 almost completely inhibited HB-EGF-AP generation
in response to H,O, (Fig. 3B). To confirm H,O,-induced EGF
receptor tyrosine kinase activation, we examined the effect of
AG1478, an EGF receptor kinase inhibitor (44). It has previ-
ously been shown that AG1478 specifically inhibits EGF re-
ceptor-mediated signal transduction in VSMCs (14, 15, 17, 19).
AG1478 (250 nM, 30-min pretreatment) markedly inhibited
H,O,-induced EGF receptor activation, whereas this inhibitor
had no specific effect on JAK2 activation by H,O, (data not
shown). These data clearly implicate metalloprotease-depen-
dent HB-EGF generation as a mechanism for H,O,-induced
EGF receptor activation.

JAK2 activation but not EGF receptor activation requires
PKC-8. H,0, has been shown to induce PKC-3 activation (40),
which may in turn activate tyrosine kinases (61). PKC-38 is also
implicated in the ectodomain shedding of HB-EGF (37).
Given these findings, we investigated whether PKC-8 was in-
volved in either JAK2 or EGF receptor activation by H,O,.
VSMCs were pretreated with a PKC-3 inhibitor, rottlerin (31).
The conditions required for the inhibition of PKC-8 function in
VSMCs have been established previously (26). As shown in
Fig. 4A, rottlerin (1 to 10 wM) concentration-dependently
inhibited JAK2 phosphorylation by H,O, in VSMCs. Figure
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FIG. 2. Effect of metalloprotease inhibitor on H,O,-induced acti-
vation of EGF receptor and JAK2. (A) VSMCs were pretreated with
the indicated concentrations of BB2116 for 30 min and stimulated with
H,O, (20 pM) for 10 min. Cell lysates were immunoblotted by anti-
bodies toward phospho-EGF receptor (EGFR-p), EGF receptor
(EGFR), and phospho-JAK2 (JAK2-p). (B) Densitometric analysis of
EGF receptor and JAK2 phosphorylation. VSMCs were pretreated
with or without 20 wM BB2116 for 30 min and stimulated with H,O,
(20 wM) for 10 min. Results are the means * standard errors of the
means (SEM) (n = 4). Asterisk, P < 0.05 versus H,O, stimulation.

4B and C show that 10 M rottlerin markedly inhibited H,O,-
induced JAK2 activation but not H,O,-induced EGF receptor
activation. A potent endogenous ROS inducer, AnglI (30),
produces intracellular H,O, in the 10 to 100 nM range in
VSMCs (64), which may mimic the exogenous addition of
H,O, as shown in Fig. 1A. Our group has previously reported
that Angll-induced JAK2 activation requires PKC-3 (26) and
is not blocked by a metalloprotease inhibitor, BB2116 (14), in
VSMCs. Another study has shown that Angll-induced JAK2
activation requires ROS production in VSMCs (56). As shown
in Fig. 4D, Angll-induced JAK2 activation was markedly in-
hibited by an antioxidant, N-acetylcysteine, in our VSMCs.
Also, it has previously been reported that AnglI-induced trans-
activation of the EGF receptor requires ROS (23) as well
as HB-EGF production through a metalloprotease (14) in
VSMC:s. As shown in Fig. 4D, rottlerin had no inhibitory effect
on Angll-induced EGF receptor transactivation, confirming
that this pathway is independent from the JAK2 pathway ac-
tivated by Angll. Taken together, these data suggest that
AnglI utilizes these two distinct pathways through ROS pro-
duction in VSMGCs, supporting the pathophysiological rele-
vance of our findings.

To further clarify the role of PKC-8 in ROS-dependent
JAK2 activation, we transfected VSMCs with adenovirus en-
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FIG. 3. Involvement of HB-EGF in H,O,-induced EGF receptor
activation. (A) Human VSMCs were pretreated with HB-EGF neu-
tralizing antibody («HB-EGF; 40 pwg/ml) for 1 h and stimulated with
H,0, (20 pM) for 10 min. Cell lysates were immunoblotted by phos-
pho-EGF receptor antibody (EGFR-p) and EGF receptor (EGFR)
antibody. Numbers on the left are molecular weights. (B) After pre-
treatment with or without BB2116 (20 pM) for 30 min, COS-7 cells
transfected with HB-EGF-AP plasmid were stimulated with H,O, (20
uM). AP activity in the medium was determined. Results are the
means = SEM (n = 3). OD, optical density; basal, control sample.

coding a kinase-deficient PKC-8 mutant that acts as a domi-
nant negative PKC-3 (48). The specificity of this mutant has
been shown previously (26). Several control studies using ad-
enovirus encoding LacZ or vector alone also showed that the
transfection of adenovirus (up to a multiplicity of infection
[MOI] of 100) had no nonspecific effects in VSMCs (17, 24,
26). As shown in Fig. 5A and B, dominant negative PKC-3
transfection concentration-dependently inhibited H,O,-in-
duced JAK2 activation but not H,O,-induced EGF receptor
activation. Moreover, control studies using VSMCs transfected
with kinase-inactive PKC-a and PKC-B1 revealed no inhibitory
effect on H,O,-stimulated JAK2 phosphorylation (Fig. 5C). In
addition, H,O, (20 M, 10-min stimulation) significantly stim-
ulated PKC-3 activity in VSMCs (2.49 [+0.09]-fold increase in
activity; P = 0.05; n = 4) as measured by an immune complex
kinase assay. These results strongly suggest that PKC-3 is re-
quired for H,O,-induced JAK2 activation but not for H,O,-
induced EGF receptor activation.

JAK2 activation but not EGF receptor activation requires
PYK2. PYK2/CAKR is a ROS-sensitive tyrosine kinase (25),
and our group has recently demonstrated that this kinase is
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required for Angll-induced JAK2 activation in VSMCs (26).
PYK2 is also implicated in EGF receptor transactivation by
GPCRs (3). Therefore, we determined whether PYK2 plays a
role in H,O,-induced activation of the EGF receptor and
JAK2. VSMCs were transfected with adenovirus encoding a
kinase-deficient PYK2 mutant, K457A (36). This mutant acts
as a dominant negative PYK2 in VSMCs (24). As shown in Fig.
6A, kinase-deficient PYK2 mutant transfection markedly in-
hibited H,O,-induced JAK2 activation but not EGF receptor
activation. Our group has previously shown that the treatment
of VSMCs with H,O, enhances PYK2 kinase activity (25).
Thus, we further determined whether H,O, directly activated
PYK2 by measuring in vitro PYK2 kinase activity. However,
H,0, did not activate PYK2 kinase activity in vitro (data not
shown), indicating that PYK2 is not a direct target of H,O,.

PYK2 Tyr**? is a major autophosphorylation site of PYK2.
Our group has previously shown that H,O, induces PYK2
Tyr*%? phosphorylation by using a phospho-specific antibody
(25). To determine whether PYK2 activation by H,O, is reg-
ulated by PKC-8, we examined the effect of PKC-3 inhibitors
on PYK2 Tyr*%? phosphorylation. As shown in Fig. 6B, dom-
inant negative PKC-3 transfection markedly inhibited the
phosphorylation of PYK2 induced by H,O,. We also observed
similar inhibition by rottlerin (data not shown). These data
suggest that a PKC-8-sensitive tyrosine kinase, PYK2, is re-
quired for the activation of JAK2 by H,O, but not for EGF
receptor activation in VSMCs.

DISCUSSION

The significant finding reported in the present study is that
ROS utilize distinct signaling mechanisms to mediate the ac-
tivation of receptor and nonreceptor tyrosine kinases. Specif-
ically, a metalloprotease-dependent cleavage of HB-EGF is
required for H,O,-induced EGF receptor transactivation but
not for JAK2 activation whereas PKC-3 is required for H,O,-
induced PYK2/JAK2 activation and not for EGF receptor
transactivation, as illustrated in Fig. 7. We believe that this is
the first example showing that ROS activate tyrosine kinases
through distinct mechanisms in the same cell culture system.

Here, we report that H,O, stimulates EGF receptor trans-
activation via metalloprotease-dependent HB-EGF cleavage.
This observation uncovers a previously unknown mechanism
by which ROS activate a receptor tyrosine kinase. In support of
this notion, our group has shown that both metalloprotease
and ROS are required for EGF receptor transactivation in-
duced by a GPCR agonist, AnglI (14, 23). Although the me-
talloprotease responsible for HB-EGF generation induced by
ROS has not been identified, both matrix metalloproteases
(62, 69) and ADAM family metalloproteases (4, 37, 42) are
implicated in the ectodomain shedding of HB-EGF that is
stimulated by various agonists. A thiol group from a cysteine
residue in the inhibitory prodomains of these metalloproteases
interacts with zinc in their catalytic domains. ROS may oxidize
electrophilic thiol groups and disrupt the cysteine-zinc bond,
leading to the activation of the metalloproteases. In fact, H,O,
was shown to enhance ADAM17 activity and ADAM17-medi-
ated ectodomain shedding (70). Therefore, it is interesting to
test whether ROS activate metalloprotease directly. However,
to the best of our knowledge, no reports have been published
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FIG. 4. Effects of rottlerin, a PKC-8 inhibitor, on H,O,-induced JAK2 and EGF receptor activation. (A) VSMCs were pretreated with various
concentrations of rottlerin as indicated for 30 min and stimulated with H,O, (20 wM) for 10 min. Cell lysates were immunoblotted by antibody
toward phospho-JAK2 (JAK2-p). (B) VSMCs were pretreated with rottlerin (10 wM) for 30 min and stimulated with H,O, (20 wM) for 10 min.
Cell lysates were immunoblotted by antibodies toward phospho-JAK2, phospho-EGF receptor (EGFR-p), and JAK2. (C) Densitometric analysis
of EGF receptor (EGFR) and JAK2 phosphorylation in the immunoblot shown in Fig. 4B. Results are the means = SEM (n = 4). (D) VSMCs
were pretreated with 20 mM N-acetylcysteine (NAC) for 90 min (upper panels) or 10 uM rottlerin for 30 min (lower panels) as indicated and
stimulated with AngII (100 nM) for 3 min. Cell lysates were immunoblotted by antibodies toward phospho-JAK2 and JAK2 or phospho-EGF

receptor and EGF receptor as indicated. Basal, control sample.

of studies that have directly measured the shedding activity
toward proHB-EGF by using isolated membranes. Thus, to
examine the direct activation of metalloprotease by ROS, fur-
ther information is required regarding the identification of the
metalloprotease responsible for HB-EGF generation and/or
establishment of the assay to measure metalloprotease activity
toward proHB-EGF in isolated membranes.

Alternatively, ROS may modulate intracellular signals such
as ¢-Src and ERK, which may indirectly activate the metallo-
protease responsible for HB-EGF generation. The contribu-
tion of the ERK cascade to HB-EGF and transforming growth
factor-a generation has been reported previously (20, 27, 65).
However, the ERK cascade is unlikely to mediate HB-EGF

generation by H,O, in VSMCs. This is because the ERK cas-
cade exists downstream of EGF receptor transactivation in
H,0,-stimulated VSMCs (23). c-Src is involved in EGF recep-
tor transactivation by GPCRs (3, 46, 66), and c-Src appears to
exist upstream of HB-EGF release (51). Moreover, H,O,-
induced EGF receptor transactivation was inhibited by a se-
lective Src inhibitor, PP2, in endothelial cells (7). The role of
c-Src in mediating HB-EGF-dependent EGF receptor trans-
activation by H,O, is under current investigation.

Our findings presented here strongly suggest the require-
ment of PKC-3 for JAK2 activation by H,O,. In the present
study, we have used rottlerin as a PKC-3 inhibitor because it is
commonly used as a selective inhibitor of this PKC isoform. In
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FIG. 5. Effects of dominant negative PKC-3 transfection on H,O,-induced JAK2 and EGF receptor activation. (A) Cells were transfected with
the indicated amount of adenovirus encoding dominant negative PKC-8 (DNPKCS3) for 48 h and stimulated by H,O, (20 uM) for 10 min. The cell
lysates were immunoblotted by antibodies toward phospho-JAK2 (JAK2-p), JAK2, phospho-EGF receptor (EGFR-p), EGF receptor (EGFR),
and PKC-8. (B) Densitometric analysis of EGF receptor and JAK2 phosphorylation. Cells were transfected with adenovirus encoding dominant
negative PKC-3 (MOI, 100) and stimulated with H,O, (20 uM) for 10 min. Results are the means = SEM (n = 3). (C) Cells were transfected with
dominant negative PKC-a (DNPKCa) or dominant negative PKC-B1 (DNPKCB) for 48 h and stimulated by H,O, (20 pM) for 10 min. The cell
lysates were immunoblotted by antibodies toward phospho-JAK2, PKC-a, or PKC-B1.

fact, our group has shown that this inhibitor blocks the trans-
location of PKC-8 toward the membrane stimulated by AnglII
in VSMCs and that it also inhibits the autophosphorylation of
human recombinant PKC-3 in vitro (26). In contrast, two re-
cent publications reported a failure of PKC-3 inhibition by
rottlerin in a kinase assay using a synthetic substrate and one of
the publications reported that rottlerin showed additional in-
hibitory effects besides PKC-3 inhibition (10, 60). To further

evaluate the involvement of PKC-8 in JAK2 activation by
H,O,, we utilized kinase-inactive PKC mutants and showed
that only the PKC-8 mutant inhibited JAK2 activation. This is
in line with the recent finding that PKC-38 is required for JAK2
activation induced by AnglI (26), a well-established ROS in-
ducer (30), in VSMCs. In addition, several reports indicate
that H,O, stimulates PKC-3 activity in various cell types (40,
49). In this study, we also found that H,O, could stimulate
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FIG. 6. Involvement of PYK2 in H,O,-induced JAK2 activation.
(A) Cells were transfected with adenovirus (MOI, 10) encoding dom-
inant negative PYK2 (DNPYK2) for 48 h and stimulated by H,O, (20
uM) for 10 min. The cell lysates were immunoblotted by antibodies
toward phospho-JAK2 (JAK2-p), JAK2, phospho-EGF receptor
(EGFR-p), EGF receptor (EGFR), and PYK2. (B) Cells were trans-
fected with adenovirus (MOI, 100) encoding dominant negative PKC-8
(DNPKC?) for 48 h and stimulated by H,O, (20 pM) for 10 min. The
cell lysates were immunoprecipitated with anti-PYK2 antibody and
immunoblotted by antibodies toward phospho-PYK2 (PYK2-p) and
PYK2. IP, immunoprecipitate.

PKC-3 activity in VSMCs. In addition, PKC-8 was previously
shown to be required for HB-EGF production, possibly
through the activation of ADAMY (37). However, our present
findings rather eliminate the role of PKC-8 in H,O,-induced
EGF receptor activation. This is in good agreement with pre-
vious findings by our group that PKC does not mediate EGF
receptor transactivation induced by AnglI (19).

VSMCs normally express PYK2 that is activated by ROS or
AnglI through ROS production (16, 25). It has been shown
that PYK2 function is indispensable for several AnglI-induced
signaling pathways and subsequent hypertrophy in VSMCs (24,
54). Specifically, PYK2 is constitutively associated with JAK2
and is required for JAK2 activation by AngllI (26). Although
PYK2 is implicated in EGF receptor transactivation in fibro-
blasts (3), this may not be the case for EGF receptor transac-
tivation in VSMCs (66). Here, we found that JAK2 activation
but not EGF receptor activation by H,O, requires PYK2,
which appears to be downstream of PKC-8. Interestingly, it
was demonstrated that H,O, stimulates PKC-8 and c-Abl as-
sociation, where c-Abl is activated by a PKC-8-dependent
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FIG. 7. Scheme illustrating proposed two distinct activation mech-
anisms of protein tyrosine kinases by H,O, in VSMCs. EGFR, EGF
receptor.

mechanism (61). Thus, the possibility that JAK2 or PYK2 is a
substrate with which PKC-3 is capable of associating should be
considered. PYK2 and its related tyrosine kinase FAK share a
common structure with conserved important motifs (43, 55).
Recently, FAK was shown to be involved in Angll-induced
growth-promoting responses in cultured VSMCs (28). Al-
though our present findings together with previous findings
showing an interaction between PYK2 and JAK2 in VSMCs
strongly suggest a critical role for PYK2 in mediating ROS-
dependent JAK?2 activation, it is possible that dominant nega-
tive PYK2 may interfere with the FAK function together with
PYK?2 function. Therefore, further studies are needed to ex-
amine the role of FAK in JAK2 activation.

In the present study, we recognized that most approaches
that interfered with H,O,-dependent activation did not result
in complete inhibition. Thus, both EGF receptor activation
and JAK2 activation by ROS could involve additional path-
ways independent from the pathways identified in this study. In
this regard, Src family kinase-dependent pathways have been
proposed to mediate JAK2 activation (1) or EGF receptor
activation by ROS (7, 66). Also, ROS are believed to stimulate
tyrosine phosphorylation by the inhibition of tyrosine phospha-
tases via the cysteine residues in the active site regions of these
enzymes (21). Knebel et al. (39) in fact demonstrated that
H,0, could inhibit the dephosphorylation of the EGF receptor
through the inhibition of tyrosine phosphatases. Thus, future
research should be conducted to determine whether a tyrosine
phosphatase or Src kinase is involved in one or both mecha-
nisms of tyrosine kinase activation by ROS in VSMCs.

In conclusion, we have shown that ROS utilize distinct signal
transduction mechanisms to activate nonreceptor and receptor
protein tyrosine kinases in VSMCs. This important finding may
lead to the selective inhibition of various distinct ROS func-
tions that may sufficiently prevent or attenuate several cardio-
vascular-related diseases.
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